A full-length inducible nitric oxide synthase (iNOS ) gene has been sequenced for the first time outside the mammals, and the gene organization compared with that already determined for human iNOS. While there are some differences from the human gene, overall the exons show remarkable conservation in sequence and organization. As in human, the trout iNOS gene has 27 exons, with 18 of the trout exons being identical in size with the equivalent human exons. The cofactor-binding domains are found in the same exons and in some cases are absolutely conserved. Differences include the start of the ORF in exon 3 instead of exon 2, resulting in a deletion at the 5h end of the trout iNOS protein. Exon 27 also shows a large difference in size and although the trout exon is larger this is due to the length of the 3h-UTR. Several non-mammalian features are notable, and include a conserved potential glycosylation site in chicken and fish, and an insertion at the boundary of exons 20 and 21 in fish. The intron sizes in trout were generally much smaller than in
INTRODUCTION
We have previously reported on the partial cloning and sequencing of rainbow trout (Oncorhynchus mykiss ; formerly Salmo gairdneri) [1] and goldfish (Carassius auratus) [2] inducible nitric oxide synthase (iNOS) cDNA, as the first fish (and poikilotherm) sequences reported. Attempts to obtain the fulllength rainbow trout iNOS cDNA, by PCR and cDNA library screening approaches, were unsuccessful at that time. Since then a full-length carp (Cyprinus carpio) iNOS cDNA has been cloned [3] , which has 57 % amino acid identity and 60 % nucleotide identity with the human and chicken iNOS genes. The inability to clone the rainbow trout iNOS transcript may relate to differences in expression level in comparison with other teleost fish groups. Thus in the superorder Ostariophysi, including goldfish [4, 5] , carp [3] and catfish [6, 7] , and in the superorder Acanthopterygii, including turbot [8, 9] and seabream [10] , leucocytes can be readily stimulated to produce nitric oxide. This is not the case with trout (superorder Protacanthopterygii), where detection of the iNOS transcript has required nested PCR following stimulation with equivalent stimuli such as lipopolysaccharide or live bacteria [1, 11] . As an alternative approach to obtaining the full-length rainbow trout iNOS gene, we have undertaken genomic library screening, and have obtained sequence from two clones that have allowed the full rainbow trout iNOS gene to be sequenced, the first outside mammals. This sequence has been used to obtain the full-length rainbow trout cDNA to confirm the exon boundaries. In addition, a method to Abbreviations used : iNOS, inducible nitric oxide synthase ; VHSV, viral haemorrhagic septicaemia virus ; RT, reverse transcriptase ; FCS, foetal calf serum ; UTR, untranslated region ; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 1 Present address : Centre for Plant Sciences, University of Leeds, Leeds LS2 9JT, U.K. 2 To whom correspondence should be addressed (e-mail c.secombes!abdn.ac.uk).
The nucleotide sequence data reported will appear in the GenBank Nucleotide Sequence Database under the accession numbers AJ295231 and AJ300555.
human iNOS, making the trout iNOS gene approximately half the size of the human gene. Analysis of RNA secondary structure revealed two regions with complementarity, which could interfere with reverse transcription. Using a trout fibroblast cell line (RTG-2 cells), it was shown by reverse transcriptase (RT)-PCR that virus infection was a good inducer of iNOS expression. However, when using a combination of Superscript4 II for reverse transcription and primers at the 5h end of the gene only very weak products were amplified, in contrast with the situation when primers at the 3h end of the gene were used, or ThermoScript4-derived cDNA was used. The impact of such results on RT-PCR analysis of iNOS expression in trout is discussed.
Key words : exon organization, iNOS cDNA, iNOS expression, phylogenetic analysis, RNA secondary structure. elicit strong induction of the rainbow trout iNOS transcript has been found and used to identify one factor that contributes to the difficulty in measuring the expression of this gene in rainbow trout.
EXPERIMENTAL

Cloning and sequencing of the full-length genomic DNA
Nested PCR was used to amplify a rainbow trout iNOS probe for screening of a rainbow trout genomic library. A bacterially stimulated rainbow trout gill cDNA library [12] was used as template, since it has been shown previously that the gill is a site of high iNOS expression in rainbow trout [11] . iNOS-specific primers F6 and R6 were used for the first round of PCR, followed by primers F7 and R7 (see Table 1 ). A $ 1.2 kb fragment was amplified and cloned into the TOPO-TA cloning vector. Sequencing results confirmed that the cloned cDNA was identical with the previously reported rainbow trout partial iNOS sequence [1] .
A rainbow trout genomic library in the λGEM-11 vector (Promega) was screened with the $#P-labelled 1.2 kb probe ( Figure 1A ). Two independent clones were isolated. One of the clones was digested with SacI ( Figure 1A ) and subcloned into the pGEM 3zf(j) vector (Promega). The full-length sequences of the subclones were obtained using vector-and gene-specific primers, although in some cases the Erase-A-Base system (Promega) was used to produce serial deletions to allow sequencing of the larger (4-5 kb) subclones. To eliminate the Table 1 Primers used for cloning and expression   Name  Gene  Position in the cDNA sequences  Sequence (5h to 3h)   INOS F1  iNOS  1-23  TTCCC,GCTCT,CTTGT,CTTCC,TTC  INOS F2  iNOS  282-304  GTGCG,TAACG,TGAAG,GATGG,CTC  INOS F3  iNOS  1475-1497  CTTCT,TCTAC,TACCA,GCCTG,ACC  INOS F4  iNOS  2394-2417  CATAC,GCCCC 
Figure 1 Schematic diagram showing the cloning strategy used to obtain the rainbow trout iNOS genomic (A) and cDNA (B) sequences
Vertical arrows indicate the SacI sites used for subcloning. Horizontal arrows show the relative positions of forward and reverse primers used for PCR (as detailed in Table 1 ). According to the predicted transcription start site from the genomic sequence, the primers used to obtain the cDNA 5h untranslated region (UTR) begin 43 bp downstream (i.e. the predicted 5h UTR is 228 bp). Shading indicates sequenced regions.
possibility that sequence gaps could exist between the sequenced subclones, and to locate the subclones in the genomic sequence, PCR was performed (see below for conditions) with gene-specific primers between all subclones using the lambda DNA as template, and the products were sequenced directly with an ABI 377 Automated Sequencer (Applied Biosystems).
Sequence analysis of the lambda clone revealed that the 5h end of the coding region of the trout iNOS gene was potentially missing although the main part of the gene, including part of the 3h-flanking region, was cloned ( Figure 1A ). To isolate the 5h end of the gene, two primers were designed to the 5h end of the known sequence obtained above (F2 and R4, Table 1 ) and were used to screen the genomic library for further clones containing the iNOS gene using a PCR-based strategy [13] (Figure 1A) . Briefly, sub-libraries prepared from 4000 plaque-forming units were amplified with primers F2 and R4. Positive sub-libraries were amplified with R4 and one of the two vector primers to determine whether more sequence was present at the 5h end compared with the clone isolated above. A positive sub-library was identified with about 4 kb more sequence at the 5h end, which was used to isolate a single clone. In total, 6595 bp at the 5h end of this clone was sequenced with gene-specific primers to allow overlap with the 5h end of the original lambda clone isolated.
Cloning and sequencing of the full-length cDNA
To clone the full-length rainbow trout iNOS cDNA, primers were designed against the known genomic sequence and used for PCR with cDNA produced from RTG-2 cells (a trout fibroblast cell line) [14] after infection with viral haemorrhagic septicaemia virus (VHSV) for 1 day (see expression studies below). Extracted total RNA was reverse-transcribed with ThermoScript4 reverse transcriptase (RT ; Gibco BRL) and primed by an adapter-DT primer (Table 1 ) ready for PCR. PCR was performed using 2 µl of cDNA template, 5 µl of 10iPCR buffer, 2 µl of 50 mM MgCl # , 2 µl of 2.5 mM dNTP, 2 µl of each primer (10 µM), 2.5 units of Taq polymerase, 0.05 unit of Pfu DNA polymerase and the volume made up to 50 µl with water. The cycling protocol was 1 cycle at 94 mC for 4 min, followed by 35 cycles at 94 mC for 1 min, 62 mC for 1 min and 72 mC for 2 min and 1 cycle at 72 mC for 5 min. PCR was performed with primer pairs F1\R2, F3\R1 and F4\GR3P ( Figure 1B) , and the three overlapping products obtained were cloned into the pGEM-T EASY vector (Promega). At least three clones per product were sequenced with vector primers, with sequence-specific primers being designed to allow further sequencing of the internal sequence of each clone.
Sequence analysis
All sequences generated were analysed with programmes within the Wisconsin Genetics Computer Group (GCG) Sequence Analysis Software Package (version 10, 1999) and the Human Genome Mapping Project Resource Centre (http :\\ www.hgmp.mrc.ac.uk). Initial comparison with sequences in the GenBank and EMBL databases were performed using FASTA [15] and BLAST [16] , to search for similarity. Direct comparison between two sequences was performed using the GAP program [17] , and multiple sequence alignments generated using CLUSTALW (version 1.7) [18] . Patterns defined by the PRO-SITE Dictionary of Protein Sites and Patterns (http:\\ www.expasy.org\tools\scnpsite.html) were searched for using the MOTIFS program. Phylogenetic trees were created by the neighbour-joining method [19] within the CLUSTAL package using NOS amino acid sequences, and was bootstrapped 1000 times. Analysis of RNA secondary structure was performed with GeneBee [20] .
Expression studies
To study further factors able to induce iNOS expression in rainbow trout, viral stimulation was used, since previous studies with turbot leucocytes have shown that this is an efficient means of eliciting nitric oxide in itro [8] . VHSV was obtained from the Marine Laboratory, Aberdeen, U.K., and passaged in CHSE-214 cells cultured in L15 medium (Gibco BRL) plus 1 % foetal calf serum (FCS, Gibco BRL) at a low multiplicity of infection [0.01 TCID &! (tissue-culture infective dose 50)\cell]. After 5 days incubation at 22 mC, the virus was harvested and separated from cell debris by centrifugation at 6000 g for 30 min. The VHSV was titrated in CHSE-214 cells, aliquoted and stored at k70 mC ready for use. For iNOS induction, RTG-2 cells in L15 medium, 10 % FCS, 100 units\ml penicillin and 100 µg:ml −" streptomycin, at 80 % confluence, were infected with VHSV at a high multiplicity of infection (100 TCID &! \cell). After 2 h the cells were washed to remove unattached virus, and cultured for a further 6, 22 or 46 h in L15 medium plus 1 % FCS prior to RNA extraction.
Total RNA was prepared from cell cultures for RT-PCR by homogenizing 10( cells with 1.8 ml of RNAzol (Biogenesis). Chloroform (0.18 ml) was then added and the homogenate shaken vigorously for 15 s. After settling on ice for 5 min, the aqueous phase was separated by centrifugation (12 000 g, 15 min) and the RNA precipitated by addition of an equal volume of isopropanol. The RNA was washed with 75 % ethanol and disolved in 0.1 ml of nuclease-free water.
Reverse transcription was performed with ThermoScript4 RT, allowing relatively high temperatures to be used. Total RNA (5 µg), 50 pmol of oligo(dT) #! , 4 µl of 5icDNA synthesis buffer, 1 µl of 0.1 M dithiothreitol, 40 units of RN ASE OUT, 2 µl of 10 mM dNTP and 15 units of ThermoScript4 RT were combined and the volume adjusted to 20 µl with water. The mixture was then incubated at 60 mC for 20 min followed by 65 mC for 50 min, and reverse transcription terminated by incubation at 85 mC for 5 min. The cDNA was treated with 2 units of RNase H at 37 mC for 20 min prior to PCR.
Initially, PCR was performed with primers for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ( Table 1) , which were used as a positive control for RT-PCR since the gene is expressed constitutively. The resulting PCR products obtained using 22 cycles of amplification, which was within the linear phase of signal amplification for GAPDH, allowed titration of the amount of template subsequently used for PCR to generate consistent amounts of product with these primers between samples. PCR with iNOS-specific primers F2 and R3 (product size 469 bp) was then carried out, and products visualized on a 1.6 % agarose gel containing ethidium bromide (0.5 µg:ml −" ). PCR conditions were as above except that the elongation time was reduced to 30 s.
Having established a reproducible method for induction of iNOS expression in RTG cells, this system was used to study whether factors such as predicted RNA secondary structure may influence the ability to detect expression of this gene in rainbow trout. Using primers F2 and R3 at the 5h end of the trout iNOS gene, primers F5 and R1 at the 3h end of the gene (product size 234 bp) or primers F4 and R5 between these two primer pairs (product size 746 bp), PCR was undertaken with cDNA prepared as above or prepared with Superscript4 II (Gibco BRL) for reverse transcription, using DNase-treated RNA (since primers F5 and R1 do not cross an intron) from challenged (VHSV for 24 h) or unchallenged RTG-2 cells. For reverse transcription with Superscript4 II, 1 µl of oligo(dT) "# -") (500 µg:ml −" ) and 5 µg of total RNA in 12 µl of water were incubated at 70 mC for 10 min and then chilled on ice. Next, 4 µl of 5icDNA synthesis buffer, 2 µl of 0.1 M dithiothreitol and 1 µl of 10 mM dNTP mix were added and the mixture was incubated at 42 mC for 2 min. Superscript4 II (1 µl ; 200 units) was then added and the mix incubated at 42 mC for a further 50 min. Reverse transcription was halted by incubation at 75 mC for 15 min. Following PCR with GAPDH primers, the amount of template to be used was again titrated and then used for PCR with the iNOS primers. As above, products were visualized on agarose gels containing ethidium bromide. Preliminary PCR studies using random hexamer-primed cDNA prepared with Superscript4 II showed that in general this was a less efficient method of producing the cDNA compared with using oligo(dT), with all primer combinations tested, and was not used further.
RESULTS
Following digestion of the isolated lambda clone with SacI, seven subclones were prepared and sequenced, giving 18 602 bp of sequence. In case some cleavage sites gave rise to small products that were not cloned, PCR was performed between all subclones, and in three cases extra sequence was found between clones, of 38, 227 and 228 bp. The compiled contiguous sequence
Figure 3 Multiple alignment of the predicted trout iNOS translation with other known iNOS sequences (human sequence represents a typical mammalian sequence)
Asterisks indicate gaps in the alignment and dashes indicate amino acids common to the trout sequence. Conserved cofactor-binding sites are boxed in grey and a conserved, non-mammalian, potential glycosylation site is shown in bold and underlined.
of the lambda clone measured 19 095 bp and was found to contain nine SacI sites, as predicted from the above results ( Figure 1A ). This sequence contained 24 putative exons, according to the homology with other iNOS genes, with two potential polyadenylation sites within the last predicted exon. Unfortunately it did not contain the putative 5h end of the trout iNOS gene, and thus a further lambda clone containing iNOS sequence was identified using a PCR screening strategy with primers to the 5h end of the above sequence. The second lambda clone was $ 20 kb in length, and 6595 bp at the 5h end was sequenced, giving 2455 bp overlap (with complete identity) with the first lambda clone isolated and a contiguous sequence of 23 235 bp ( Figure 1A) . The second lambda clone had a predicted TATA box at 3973 bp and a predicted transcription start at 4007 bp, with the compiled full-length iNOS gene measuring 18 157 bp (GenBank accession no. AJ295231).
The full-length trout iNOS cDNA, prepared from VHSVinfected RTG-2 cells, was sequenced to allow identification of the exon\intron boundaries of the above genomic sequence.
Figure 4 Unrooted phylogenetic tree showing the relationship between the trout iNOS amino acid sequence and other published NOS isoforms
The tree was created by the neighbour-joining method and bootstrapped 1000 times. Bootstrap values of the branches are given inside the circles. eNOS, endothelial NOS.
Three overlapping PCR products were prepared using genespecific primers, from the 5h UTR (43 bp from the predicted transcription start) of the iNOS gene to the polyadenylation tail, the latter requiring the use of adaptor primers in 3h rapid amplification of cDNA ends (RACE)-PCR ( Figure 1B) . The contiguous sequence was 4381 bp, containing 185 bp of 5h UTR, a 3252 bp ORF (coding for 1083 amino acids) and 924 bp of 3h UTR upstream of a 20 bp polyadenylation tail (Figure 2 ; GenBank accession no. AJ300555). The 3h UTR contained a potential polyadenylation signal 27 bp after the stop codon, but no clones were found with a downstream polyadenylation tail. In contrast, the polyadenylation signal at 4334 bp was 22 bp upstream of the polyadenylation tail. Five mRNA instability motifs (ATTTA) were also present within the 3h UTR. The cDNA sequence showed 62-64 % nucleotide identity with known mammalian and chicken iNOS sequences, and 70 % identity with the carp sequence, with lower identities with other NOS isoforms. The predicted amino acid sequence had 58-60 % identity with homeotherm iNOS sequences and 69 % identity with the carp sequence, and a predicted molecular mass of 123 kDa. Multiple alignment of the predicted trout iNOS amino acid sequence with other known sequences showed good homology throughout the sequence, with clearly identifiable cofactor-binding domains (the haem and NADPH domains being absolutely conserved ; Figure  3) . However, the 5h end of the trout iNOS cDNA was relatively short compared with all other known iNOS sequences. One potential glycosylation site was present within the trout iNOS sequence, in common with the other non-mammalian iNOS sequences. Phylogenetic analysis of the amino acid sequences of all known NOS genes showed the trout iNOS gene branched with carp iNOS and grouped with the mammalian and chicken iNOS sequences (Figure 4) . Lastly, analysis of the mRNA secondary structure with GeneBee revealed two 13 bp regions with complementarity (Figure 2) , where a melting point of 42 mC would be expected. Using the cDNA sequence it was possible to determine that the trout iNOS gene contained 27 exons, in agreement with the known mammalian gene ( Table 2 ). All the intron\exon boundaries in the trout sequence conformed strictly to the known GT\AG donor\acceptor site rule. Remarkably, the intron phase was identical between the human and trout iNOS genes with the exception of intron 2, and the cofactor-binding domains were located within identical exons ( Table 2 ). The main difference was the beginning of the open reading frame, which started within exon 2 of the human iNOS gene but at the beginning of exon 3 in trout. In many cases exon sizes were also identical, with the trout exons 1-5 being somewhat smaller than in human, and trout exons 20-22 and 27 being somewhat larger. In contrast, the trout intron sizes were generally much smaller than in the human iNOS gene, with only introns 7, 8, 10, 13 and 16 being larger in trout. This made the trout iNOS gene considerably smaller ($ 50 %) than the human gene, $ 18 kb compared with 38 kb for human iNOS.
Infection of RTG-2 cells with VHSV was shown to be a good inducer of trout iNOS expression, where expression was detectable at 24 h and 48 h post-infection ( Figure 5 ). Using 24 h- 
Figure 5 RT-PCR analysis of iNOS expression in cDNA samples produced with ThermoScript4, from RTG-2 cells infected with VHSV for various times
PCR was performed with iNOS primers F2 and R3 (product size 469 bp) for 35 cycles or with GAPDH primers (515 bp) for 22 cycles. C, control uninfected cells ; M, 100 bp DNA ladder.
infected samples, the impact of the predicted secondary structure was studied by comparing cDNA produced using ThermoScript4 or Superscript4 II for reverse transcription. The latter reversetranscribes at 42 mC, below the predicted melting point of the hairpin identified. Using primers F5 and R1 at the 3h end of the gene (before the secondary structure, Figure 6A ), clear iNOS products were seen in both the uninfected and infected samples, with the latter showing evidence of induction by infection, whether using ThermoScript4 or Superscript4 ( Figure 6B ). However, to be at the 3h end of the gene these primers were located in the final exon and hence there was a risk that, although DNase treatment of the RNA was carried out, genomic DNA contamination could have affected the result. Thus a further primer pair (F4 and R5) was used that crossed introns (20) (21) (22) (23) (24) but that was located between the two regions of secondary structure ( Figure 6A ). Using this primer pair very similar results were obtained, with clear products being detectable whether using cDNA reverse transcribed with ThermoScript4 or Superscript4 ( Figure 6C ). In contrast, when primers F2 and R3 were used, located upstream of the secondary structure, a marked difference between the ThermoScript4-or Superscript4-produced cDNA was apparent ( Figure 6D ). In this instance only the samples reverse transcribed with ThermoScript4 gave a strong product after infection with VHSV.
DISCUSSION
A full-length iNOS gene has been sequenced for the first time outside the mammals, and the gene organization compared with that already determined for human iNOS. Whereas there are some differences from the human gene, overall the exons show remarkable conservation in sequence and organization. As in human, the trout iNOS gene has 27 exons, with 18 of the trout exons being identical in size with the equivalent human exons [21] . The cofactor-binding domains are found in the same exons and in some cases, as with the haem and NADPH domains, are absolutely conserved. Differences at the 5h end of the gene, including the start of the ORF in exon 3 instead of exon 2, result in a deletion at the 5h end of the trout iNOS protein, as seen in the multiple alignment. This is not a non-mammalian or fish phenomenon, since both the chicken [22] and carp [3] cDNA sequences are full length. However, in the carp there are three repeats in this region, of TPN TQ \ M CENNNVIL, which if deleted would give a molecule similar in length to that in the trout. Exon 27 also shows a large difference in size between trout and human, and although the trout exon is larger this is due to the 3h UTR, since the trout iNOS protein is also short at the 3h end relative to mammals (51 bp of coding sequence in trout exon 27 compared with 108 bp in human), in common with carp. A couple of other non-mammalian features are also present, notably the conserved potential glycosylation site in chicken, carp and trout, and an insertion of several amino acids (CRDD in trout) at the boundary of exons 20 and 21 in both fish species. Whereas the gene organization and exon sizes are similar, the trout introns are typically smaller than in the human gene, resulting in a gene that is $ 50 % smaller (18 kb versus 38 kb). All of the intron\exon boundaries conform strictly to the GT\AG donor\acceptor site rule, as seen in the human gene [21] , and only one trout intron has a different intron phase. Indeed, the intron phase is generally conserved across all three NOS isoforms [21] , with many exons containing critical cofactor-binding domains having an intron splice type O with the potential to allow insertion or deletion events without disrupting the reading frame.
In these studies virus was found to be a good inducer of iNOS expression, as predicted from studies in other fish species where nitric oxide production had been measured [8] . Transcript was readily detectable 24-48 h after infection of the RTG-2 cells, similar to the kinetics of virus-induced iNOS expression in mammals [23] . This relatively late induction implies that this is an indirect effect, possibly dependent upon earlier cytokine (interferon ?) [24] release. In carp, transcript can be detected as early as 4 h post-stimulation with lipopolysaccharide, with maximum transcription apparent between 4 and 12 h post-stimulation [3] . Stimulation of carp phagocytes with the blood flagellate Trypanoplasma borelli has a similar effect, although the peak in transcription is somewhat later (12-24 h) . That the induced transcript results in the appearance of a functional enzyme capable of generating nitric oxide has been implicated from previous in i o studies on rainbow trout [11] , and supported by studies in the goldfish, where a direct correlation between induced trancript and detectable nitric oxide was shown using a goldfish macrophage cell line [2, 4] . Whereas virus-induced iNOS expression may be beneficial to host defences [25, 26] , there are many examples where nitric oxide production contributes to the immunopathological consequences of virus infection [27] . Clearly the scenario in fish remains to be determined.
The virus-induced expression of iNOS in trout RTG-2 cells was used to study further the apparent difficulty in detecting expression in this species. From sequencing of the iNOS cDNA it was apparent that a region of secondary structure was predicted in the RNA that could interfere with reverse transcription at low (42 mC) temperatures. To examine this possibility, reverse transcription was performed with ThermoScript4 or Superscipt4 enzymes, and the resulting cDNA tested in PCR with primers before, between or after the regions of predicted secondary structure. This experiment clearly showed that when using Superscript4 and primers at the 5h end of the gene a very weak product was amplified in the virus-stimulated samples. In contrast, primers at the 3h end gave products comparable with those seen using ThermoScript4-derived cDNA. No such difference was seen if primers were located at the 3h end of the gene, but care about genomic DNA contamination of samples is needed. Thus whereas differences may well exist between fish species, with respect to the ease of induction of iNOS expression, it is also apparent that secondary structure may contribute to the apparent low-level expression seen previously in trout, where nested PCR was needed to obtain detectable products [11] . Nevertheless, detection of nitric oxide in supernatants from trout cells with detectable iNOS transcript is very low, and perhaps the mRNA instability motifs in the 3h UTR contribute to a rapid degradation of the produced mRNA. To study this further, we are currently cloning the trout iNOS 5h-flanking region into a reporter gene construct to examine in detail factors influencing the expression of iNOS in trout cells.
